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Airway epithelial cells (AECs) provide the first line of defense in the respiratory tract and are the main target of respiratory vi-
ruses. Here, using oligonucleotide and protein arrays, we analyze the infection of primary polarized human AEC cultures with
influenza virus and respiratory syncytial virus (RSV), and we show that the immune response of AECs is quantitatively and qual-
itatively virus specific. Differentially expressed genes (DEGs) specifically induced by influenza virus and not by RSV included
those encoding interferon B1 (IFN-B1), type III interferons (interleukin 28A [IL-28A], IL-28B, and IL-29), interleukins (IL-6,
IL-1A, IL-1B, IL-23A, IL-17C, and IL-32), and chemokines (CCL2, CCL8, and CXCL5). Lack of type I interferon or STAT1 signal-
ing decreased the expression and secretion of cytokines and chemokines by the airway epithelium. We also observed strong ba-
solateral polarization of the secretion of cytokines and chemokines by human and murine AECs during infection. Importantly,
the antiviral response of human AECs to influenza virus or to RSV correlated with the infection signature obtained from periph-
eral blood mononuclear cells (PBMCs) isolated from patients with acute influenza or RSV bronchiolitis, respectively. IFI27 (also
known as ISG12) was identified as a biomarker of respiratory virus infection in both AECs and PBMCs. In addition, the extent of
the transcriptional perturbation in PBMCs correlated with the clinical disease severity. Our results demonstrate that the human
airway epithelium mounts virus-specific immune responses that are likely to determine the subsequent systemic immune re-
sponses and suggest that the absence of epithelial immune mediators after RSV infection may contribute to explaining the inade-
quacy of systemic immunity to the virus.

Airway epithelial cells (AECs) represent the first barrier against
inhaled microorganisms and actively prevent the entry of res-

piratory pathogens. The airway epithelium is a ciliated, pseu-
dostratified, columnar epithelium consisting of ciliated cells, basal
cells, and secretory goblet cells that, together with locally pro-
duced IgA, provide mechanisms for mucociliary clearance of in-
haled microorganisms (19). In response to antigenic insults, AECs
participate in host defense mechanisms by producing cytokines
and chemokines, such as interleukin 6 (IL-6), IL-8, IL-1�,
RANTES, MIP-1�, granulocyte-macrophage colony-stimulating
factor (GM-CSF), and granulocyte colony-stimulating factor (G-
CSF) (1, 8, 21, 26, 44, 47, 48). Regulation of the intensity and
duration of inflammation in the airways is critical for maintaining
respiratory function, and thus, epithelial cells also mediate a pleth-
ora of processes with the goal of limiting airway inflammation
(22). While there is compelling evidence showing that AECs par-
ticipate in local immune responses in the airways, it is unclear to
what extent their response contributes to or can forecast the sub-
sequent systemic immune response.

Influenza virus and respiratory syncytial virus (RSV) are two of
the leading etiologies of acute respiratory disease (13), and the
epithelium of the airways is their main target. AECs respond to
infection by initiating a cytokine cascade that triggers inflamma-
tion and, together with AEC death, contributes to lung pathogen-
esis (34, 50). Studies in mice have highlighted the importance of
epithelial type I and/or type III interferons in the response to both
RSV and influenza virus (24, 25, 33, 54). Analysis of nasal washes
from children with RSV infection or influenza revealed that more
children with influenza produced interferon and that the amount
of interferon produced was significantly greater in influenza virus-

infected children than in children infected with RSV (16). NF-�B
and beta interferon (IFN-�)/IRF3 are central regulators of the
response of epithelial cells to both RSV and influenza virus (2, 5,
29, 56), and both viruses encode interferon inhibitors (10, 49, 53).
Importantly, polarization and stratification of AECs determine
barrier integrity and the response during infection (7, 30, 52) to
the extent that viruses, such as human parainfluenza virus type 3,
RSV, or strains of influenza virus, show tropism for ciliated epi-
thelial cells (51, 59, 60).

Here, we have investigated how the airway epithelium re-
sponds to RSV and influenza virus infection and to what extent
the mucosal response can be related to systemic immune re-
sponses and disease severity. Transcriptional profiling has served
to improve our understanding of disease pathogenesis by defining
pathogen- or disease-specific transcriptional signatures (6, 20),
and gene expression patterns obtained from peripheral blood can
help discriminate patients with distinct infections (3, 41, 58). The
advantage of this approach is that thousands of molecules can be
simultaneously measured and analyzed in an unbiased manner,
and the application of biological knowledge systems to these data
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allows the comparison of responses in different anatomical com-
partments and to different pathogens. In this study, we used two
respiratory viruses that replicate at the mucosal site of entry. We
found that the response of the airway epithelium to influenza virus
or RSV infection was quantitatively and qualitatively virus spe-
cific, although it presented a common type I interferon signature.
There was a significant correlation between the common differen-
tially expressed genes (DEGs) of AECs exposed to RSV or influ-
enza virus and those of peripheral blood mononuclear cells
(PBMCs) isolated from patients with acute RSV and influenza
virus infection, respectively. Moreover, the extent of transcrip-
tional perturbation in PBMCs induced by RSV bronchiolitis or
acute influenza correlated with disease severity in each respective
cohort of patients. Our results indicate that respiratory-virus-spe-
cific signatures of infection are conserved across different anatom-
ical compartments and cell populations and that peripheral blood
responses are a reflection of the response at the mucosal site of
infection and of the clinical severity of the disease.

MATERIALS AND METHODS
Primary human airway epithelial cell (hAEC) cultures. Human airway
tracheobronchial epithelial cells from non-cystic fibrosis patients were
obtained from airway specimens resected at lung transplantation follow-
ing Nationwide Children’s Hospital Institutional Review Board-approved
protocols. Epithelial cells were removed from the mainstream bronchi by
protease digestion and plastic adherence and plated at a density of 300,000
per well on permeable Transwell-Col supports. Cultures were maintained
under air-liquid interface (ALI) for 4 to 6 weeks to form well differenti-
ated, polarized cultures that resemble the in vivo pseudostratified muco-
ciliary epithelium, as previously described (38).

Primary mouse airway epithelial cell (mAEC) cultures. Wild-type
(WT) BALB/c mice were purchased from Harlan Laboratories, while
BALB/c IFN-�/� receptor�/� (IFNAR�/�) mice and STAT1�/� mice
were bred in-house. All animals were maintained in biosafety level 2 (BL2)
containment under pathogen-free conditions. The Institutional Animal
Care and Use Committee at the Research Institute at Nationwide Chil-
dren’s Hospital approved all the animal studies described in this work.
Tracheal epithelial cell isolation and culture were performed as previously
described (43, 57). Nonadherent cells were seeded onto 12-mm diameter,
0.4-�m pore size clear polyester membranes (Corning-Costar) previously
coated with a collagen solution. After reaching confluence, the cells were
incubated under ALI, and when the transepithelial resistance was �1,000
W/cm2, the basolateral medium was replaced with fresh medium every
other day. Cultures were routinely used for experimentation 10 to 14 days
post-ALI incubation.

Patients. Children with a median age of 2.4 (range, 1.5 to 8.6) months
hospitalized with acute RSV and influenza virus infections were offered
study enrollment after microbiologic confirmation of the diagnosis.
Blood samples were collected from them within 42 to 72 h of hospitaliza-
tion. We excluded children with suspected or proven polymicrobial infec-
tions, with underlying chronic medical conditions (i.e., congenital heart
disease or renal insufficiency), or with immunodeficiency or those who
received systemic steroids or other immunomodulatory therapies. The
RSV cohort consisted of 51 patients with a median age of 2 (range, 1.5 to
3.9) months, and the influenza virus cohort had 28 patients with a median
age of 5.5 (range, 1.4 to 21) months. Control samples were obtained from
healthy children undergoing elective surgical procedures or at outpatient
clinic visits. To exclude viral coinfections, we performed nasopharyngeal
viral cultures of all subjects. We recruited 10 control patients for the RSV
cohort with a median age of 6.7 (range, 5 to 10) months and 12 control
patients for the influenza virus cohort with a median age of 18.5 (range,
10.5 to 26) months. The Institutional Review Boards at the University of
Texas Southwestern Medical Center and Baylor Institute for Immunology

Research approved this study, and informed consent was obtained from
legal guardians prior to any study-related procedure.

Disease severity score. To classify patients with acute RSV infection or
influenza based on disease severity, we applied an adapted score for bron-
chiolitis at the time of sample collection (4, 40). This score included doc-
umentation of percutaneous O2 saturation, respiratory rate, subcostal re-
tractions, general appearance, and auscultation. Each parameter was
ranked as mild (0 to 5), moderate (6 to 10), or severe (11 to 15)), with a
maximum clinical score of 15.

Blood samples. Blood samples (3 to 6 ml) were collected in acid-
citrate-dextrose tubes (BD Vacutainer) and delivered at room tempera-
ture for microarray processing. PBMCs were isolated within 6 h of sample
collection by density gradient centrifugation using Ficoll-Hypaque and
lysed in RLT reagent (Qiagen) with �-mercaptoethanol. Samples were
run blind and in batches by the same laboratory team to ensure standard-
ization of quality and handling. From 2 to 5 �g of total RNA, cDNA was
generated as a template for single-round in vitro transcription with biotin-
labeled nucleotides using Affymetrix cDNA Synthesis and In Vitro Tran-
scription kits (Affymetrix Inc.). Biotinylated cDNA targets were then pu-
rified and hybridized to the Affymetrix HG-U133 plus 2.0 chip arrays
according to the manufacturer’s standard protocols. The arrays were
scanned using a laser confocal scanner (Agilent). Raw signal intensity
values were normalized to the mean intensity of all measurements per
gene chip and scaled to a target intensity value of 500 using the MAS 5.0
global scaling method to adjust for possible chip-to-chip variations in
hybridization intensities (GeneChip Operating System version 1.0).

Viruses. Influenza A/WSN/33 (H1N1) and influenza A/Udorn/72
(H3N2) viruses were grown for 48 to 72 h in day 10 embryonated chicken
eggs at 37.5°C, and virus titers were determined by an immunofluores-
cence focus assay. A laboratory stock of rgRSV244 (18) was propagated in
HEp-2 cells, and RSV infectivity was determined by plaque assay. hAEC
cultures were exposed to 2 � 105 PFU influenza virus Udorn (multiplicity
of infection [MOI] of apical cells � 1) or 1 � 106 PFU rgRSV244 (MOI of
apical cells � 5) or mock treated for 2 h and harvested after 24 and 48 h of
incubation, respectively. The hAEC cultures originated from two different
donors (D1 and D2). For the infected cultures, we used two from each
donor (i.e., a total of four cultures for each virus, two from D1 and two
from D2). All the control samples were of D1 origin. The unsupervised
hierarchical clustering analysis (Fig. 1A) clustered all the control samples
together regardless of time of analysis (24 h or 48 h after infection). The
unsupervised analysis clustered RSV and influenza virus in separate
groups regardless of donor origin. mAEC cultures derived from BALB/c
WT, IFNAR�/�, and STAT1�/� mice were exposed to 2 � 105 PFU in-
fluenza virus WSN for 2 h or mock inoculated and harvested 24 h postin-
fection. Controls were run using human bronchial epithelial cells and
murine AECs stimulated with UV-inactivated RSV and UV-inactivated
influenza virus, and these samples were not significantly different from
mock-infected samples, as determined by tumor necrosis factor alpha
enzyme-linked immunosorbent assay (TNF-� ELISA), interleukin 8
(IL-8) ELISA, and interferon bioassay.

AEC histology. Influenza virus- and RSV-infected cultures were fixed
in 10% paraformaldehyde. Influenza virus was visualized using goat anti-
H3N2 (Meridian) and fluorescein isothiocyanate (FITC)-conjugated
donkey anti-goat (Santa Cruz Biotechnology). RSV was visualized using
FITC-conjugated goat anti-RSV (Virostat). For transmission electron mi-
croscopy analysis, cultures were fixed for 1 h at room temperature with
2% paraformaldehyde-2.5% glutaraldehyde in 100 mM phosphate buffer,
pH 7.2. After washing in phosphate buffer, the cells were postfixed for 1 h
at room temperature in 1% osmium tetroxide. After embedding in Embed
812 resin, sections were cut, stained with 2.5% uranyl acetate and 0.66%
lead citrate, and viewed on a Hitachi H7650 transmission electron micro-
scope.

RNA extraction and real-time PCR. RNA was isolated from the AEC
cultures after direct lysis of cells with TRIzol (Invitrogen) and application
of the resulting aqueous phase to Qiagen RNeasy Mini Columns. Two
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micrograms of total RNA was reverse transcribed in a 20-�l volume using
an Applied Biosystems high-capacity reverse transcription kit. mRNA ex-
pression was determined for 1 �l of cDNA with the Prism 7500 sequence
detection system (Applied Biosystems) using SYBR green dye and gene-
specific primers designed using Primer Express software. Primer sets for
the P protein of RSV were 5= AGTGCAGGACCTACATCTGCTC (F) and
5= AGCTGTTGGCTATGTCCTTGG (R), while for the NP protein of in-
fluenza virus they were 5= CCAGGAAATGCTGAGATCGAAG (F) and 5=
TACACACAGGCAGGCAGACAAG 3= (R). Data were normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), for which the set
of primers we used was 5= GCAAATTCCATGGCACCGT (F) and 5= TC
GCCCCACTTGATTTTGG (R). The fold increase in mRNA expression
was determined using the 		CT method with mock-treated cultures as
calibrators.

Microarray data analysis. Total RNA harvested from quadruplicate
hAEC cultures was hybridized using both Illumina HT12 v3.0 expression
bead chip and Agilent 014850 Whole Human Genome Microarray 4�44k
G4112F(1 color). Total RNA from triplicate mAEC cultures was hybrid-
ized using an Agilent 014868 Whole Mouse Genome Microarray 4�44k
G4122F (1 color). Total RNA from PBMCs was hybridized using Af-
fymetrix HG-U133 plus 2.0 arrays. The Agilent human and mouse arrays
were done at the Biomedical Genomics Core at Nationwide Children’s
Hospital, while the Illumina HT12 v3.0 and the Affymetrix HG-U133 plus
2.0 arrays were performed at Baylor Institute for Immunology and Re-
search. GeneSpring GX version 7.3.1 (Agilent Technologies) was used for
data visualization and analysis. For the Illumina arrays, all signal intensity
values less than 10 were set to equal 10. Next, per-gene normalization was
applied by dividing the signal intensity of each probe in each sample by the
median intensity for that probe across the median of the control group.
These normalized data were used for all downstream analyses except the

assessment of molecular distance to health (MDTH), for which we used
raw expression values (detailed below). Using GeneSpring, all transcripts
were filtered first to select detected transcripts, i.e., those called “present”
in greater than 1% of all samples (present in at least one sample; PALO).
Present calls were selected if the signal precision was less than 0.01.The
remaining transcripts were filtered to select the most variable probes, i.e.,
those that had a minimum of 2-fold expression change compared with the
median intensity across all samples in greater than 1% of all samples
(quality control [QC] gene list) (3). We next performed unsupervised
analysis with GeneSpring using hierarchical clustering. Individual sam-
ples were grouped into horizontally presented clusters on the basis of the
similarity of their expression profiles. For this stage, we based the cluster-
ing algorithm on rank correlation to distance. By examining the cluster
membership, we assessed whether the samples grouped according to
known factors (infection with influenza virus, RSV, or control). For the
Agilent and Affymetrix arrays, we filtered transcripts that were present in
at least 75% of each cohort (controls or virus-treated samples), and from
these we used the transcripts that were present in either gene list (the QC
gene list) as described previously (41). Supervised statistical analysis was
performed starting from the QC list using a false-discovery rate with a P
value of 
0.05 with Benjamini multiple statistical corrections and 2-fold
change. Only for the WT, IFNAR�/�, and STAT1�/� comparison were
the parameters loosened (P 
 0.05, no Benjamini multiple correction,
and 2-fold change).

The MDTH was calculated as previously described (35) to convert
transcript abundance values into a representative score indicating the de-
gree of transcriptional perturbation of a given sample compared with a
healthy control. This approach essentially consists of carrying out outlier
analyses on a gene-by-gene basis, where the dispersion of the expression
values found in the baseline samples (controls) are used to determine

FIG 1 Primary hAECs have a distinct transcriptional signature during RSV and influenza virus infection. Primary well-differentiated, polarized, ciliated hAEC
cultures were infected with influenza A virus or RSV or mock treated. The cultures originated from two different donors. Total RNA was analyzed using
Illumina-HTv12 v3.0 microarrays. (A) Unsupervised hierarchical clustering of transcripts and samples segregated hAECs into three distinct groups: controls,
RSV infected, and influenza virus infected. (B) The MDTH was compared between experimental groups. The error bars indicate SD. (C) Heat maps of DEGs
during RSV and influenza virus infection. Supervised analysis was performed using statistical filtering (P 
 0.05; Benjamini statistical correction; 2-fold change).
The numbers of upregulated and downregulated transcripts are indicated. (D) Venn diagram showing the common and virus-specific transcripts for each
infection compared to noninfected controls. (E) Gene tree comparing the expression levels of the 4,454 virus-specific DEGs after normalization to their own
controls. (F) Scatter plot of the relative expression of DEGs in influenza virus- and RSV-infected hAECs. The identities of representative upregulated DEGs are
indicated.
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whether the expression value of a single case sample lies inside or outside
2 standard deviations of the controls’ mean. This analysis was performed
by merging the transcripts from the QC list (see above), which accounted
for 23,990 probes. The distance of each sample from the uninfected con-
trol baseline was calculated as follows. In step 1, the baseline was estab-
lished; for each gene, the average expression level and standard deviation
of the uninfected control group were calculated. In step 2, the “distance”
of an individual gene from the baseline was calculated; the difference in
raw expression level from the baseline average of a gene was determined
for a given sample, and then the number of standard deviations from
baseline levels that the difference in expression represented was calcu-
lated. In step 3, filters were applied; qualifying genes must differ from the
average baseline expression by at least 200 and 2 standard deviations. In
step 4, a global distance from baseline was calculated; the number of
standard deviations for all qualifying genes was added to yield a single
value, the global distance of the sample from the baseline.

Supervised analysis was performed using statistical filtering in Gene-
Spring. The filtered list of transcripts generated for unsupervised analysis
was used as the starting point for the supervised analysis, that is, those
transcripts that were both detected and had at least a 2-fold change in
expression compared with the median in greater than 1% of all samples.
These transcripts were then tested using the Welch t test for comparisons
across all study groups, with a false-discovery rate of 5% (P 
 0.05).
Adjustment for multiple testing was applied using the Benjamini-Hoch-
berg multiple statistical correction.

Signaling pathway analysis was performed with Ingenuity pathway
analysis (Ingenuity Systems). Canonical pathway analysis identified the
pathways that were most significantly represented in the data set. The
significance of the association between the data set and the canonical
pathway was measured using Fisher’s exact test to calculate a P value
representing the probability that the association between the transcripts in
the data set and the canonical pathway was explained by chance alone,
with a Benjamini-Hochberg correction for multiple testing applied.

Transcriptional modular analysis was performed as described previ-
ously (6). Transcriptional data were obtained for eight experimental
groups, including systemic onset juvenile idiopathic arthritis, systematic
lupus erythematosus, liver transplant recipients, melanoma patients, and
patients with acute infections (Escherichia coli, Staphylococcus aureus, and
influenza A virus). For each group, transcripts with an absent flag call
across all conditions were filtered out. The remaining genes were distrib-
uted among 30 sets by hierarchical clustering (k-means algorithm; clusters
C1 through C30). The cluster assignment for each gene was recorded in a
table, and distribution patterns across the eight diseases were compared
among all the genes. Modules were selected using an iterative process
starting with the largest set of genes that belonged to the same cluster in all
study groups (that is, genes that were found in the same cluster in eight of
the eight groups). The selection was then expanded to include genes with
7 of 8, 6 of 8, and 5 of 8 matches to the core reference pattern. The resulting
set of genes from each core reference pattern formed a transcriptional
module and was withdrawn from the selection pool. The process was
repeated starting with the second-largest group of genes, then the third,
and so on. This analysis led to the identification of 5,348 transcripts that
were distributed among 28 modules. Each module was assigned a unique
identifier indicating the round and order of selection (for example, M3.1
was the first module identified in the third round of selection). To present
the global transcriptional changes graphically, spots were aligned on a grid
with each position corresponding to a different module based on the
original definition. The spot intensity indicates the percentage of differ-
entially expressed transcripts from the total number of transcripts de-
tected for that module, whereas the spot color indicates the polarity of the
change.

Protein analysis. Cell culture supernatants were harvested from the
apical and basolateral compartments of RSV- or influenza virus-infected
or control AEC cultures. Multiplex analysis was performed using the Pro-
carta Cytokine kit on a Luminex platform (Affymetrix Inc.). Protein con-

centrations were normalized to adjust for the large difference in volume
between the apical (200 �l for hAECs and mAECs) and the basal (1,500 �l
for hAECs and 2,000 �l for mAECs) chambers.

Microarray data accession numbers. Gene expression data from
these studies can be accessed at GEO (http://www.ncbi.nlm.nih.gov/geo
/query/acc.cgi?acc�GSE32140) under accession number GSE32140 for
the superseries, which is composed of subset series with accession num-
bers GSE32137 to GSE32139 and GSE34205.

RESULTS
AECs exhibit a virus-specific transcriptional signature during
infection. Primary airway cell cultures provide a system that is a
good representation of the in vivo airway epithelial microenviron-
ment (9, 12, 43). Primary hAEC and mAEC cultures were grown
to form a well-differentiated, polarized, ciliated, pseudostratified
epithelium (see Fig. S1A in the supplemental material). Primary
hAEC cultures were inoculated with influenza A virus (2 � 105

PFU) or with RSV (1 � 106 PFU). Total RNA was isolated 24 h
postinfection (influenza virus-infected cultures and mock-in-
fected controls) or 48 h postinfection (RSV-infected cultures and
mock-infected controls) and analyzed using microarrays. A larger
viral inoculum and later collection time were used for RSV be-
cause in similar experiments in which we collected RNA at 24 h,
the RSV-infected samples did not cluster separately from the
mock-infected control hAEC samples (data not shown). Detec-
tion of viral antigens by immunohistochemistry showed that ap-
proximately 50% of hAECs were infected with influenza virus or
RSV at 24 and 48 h, respectively (see Fig. S1B in the supplemental
material). Desquamated epithelial cells were present in the influ-
enza virus-infected samples but not in the RSV-infected samples.
Quantitative PCR (qPCR) analysis corroborated that RSV- and
influenza virus-infected AEC cultures had similar amounts of vi-
ral RNAs under our experimental conditions (see Fig. S1C in the
supplemental material).

To validate the microarray data and to minimize false readings,
RNA was analyzed in duplicate using two different platforms, Il-
lumina HT-12 v3.0 expression bead chip and Agilent 014850
Whole Human Genome Microarray 4�44k G4112F (1 color) (see
Fig. S1D in the supplemental material). The hAEC data presented
below are derived from Illumina expression arrays unless other-
wise indicated. To determine the transcriptional response of
hAECs to RSV and influenza virus infection, we started by com-
paring genome-wide gene expression in infected cells and mock-
infected controls. By using unsupervised hierarchical clustering of
transcripts and samples based on the quality control gene list
(23,990 genes), the individual samples segregated into three dis-
tinct groups that corresponded with the three experimental con-
ditions: control, RSV, and influenza virus (Fig. 1A). The greater
distance of influenza virus samples from mock samples in the
condition tree compared to RSV samples suggested that the tran-
scriptional changes on hAECs were more prominent during influ-
enza virus infection than during RSV infection. To measure the
magnitude of the gene expression changes induced by each viral
infection, we converted transcript abundance into MDTH, a rep-
resentative score indicating the degree of transcriptional pertur-
bation for a given sample compared to its control (35). MDTH
values were higher in influenza virus-infected hAECs than in those
infected with RSV (Fig. 1B), consistent with the transcriptional
perturbation of hAECs being more pronounced for infection with
influenza virus than for infection with RSV.

To identify the most significant transcripts that were differen-
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tially expressed between infected and control hAECs, we per-
formed a supervised analysis under stringent conditions (pairwise
comparisons with the Welch t test with a P value of 
0.05, Benja-
mini-Hochberg multiple statistical correction, and �2-fold
change). The statistical group comparisons of samples with influ-
enza virus and controls yielded 4,420 DEGs, 923 (21%) of which
were relatively overexpressed and 3,497 (79%) or which were un-
derexpressed during influenza virus infection (Fig. 1C; see Table
S1A in the supplemental material). Among the induced DEGs
were those encoding interferons, i.e., IFN-A7, IFN-A14, IFN-A16,
IFN-B1, IL-28B, and IL-29, with changes up to �1,500-fold; in-
terleukins, such as IL-1A, IL-1B, IL-23A, IL-17C, and IL-32, with
changes up to �600-fold; interferon-induced genes, such as those
encoding TC-PTP, STAT1, IFI6, IFIT1, IFIT3, IFI44L, OAS1,
MX1, PSMB8, TAP1, JAK2, and SOCS1, with changes up to
�130-fold; chemokines, such as CCL2, CCL3, CCL5, CCL8,
CCL22, CXCL9, CXCL10, CXCL11, CXCL16, and CX3CL1, with
changes up to �80-fold; cytokines, such as TNF, CSF2, and CSF3;
innate sensors and adaptor molecules, like TLR2, TLR3, NOD1,
and MYD88; and apoptosis-related genes, like CASP1, CASP8,
and CHEK2. Overall, hAEC samples infected with influenza virus
displayed a prominent type I and type III interferon signature. The
downregulated DEGs included mostly genes associated with basic
metabolic pathways, such as fatty acid metabolism (ADH1C,
ADH1A, ACAD10, ACADM, ALDH3A2, and CYP2A6), amino
acid metabolism (AUH, BCAT2, BCKDHA, DBT, ECH, and
MUT), carbohydrate metabolism (ALDH1A3, ALD3A2, ALDH4A1,
ALDH5A1, ALDH6A1, and BCAT2), pyruvate metabolism (ACACA,
ACACB, PCK2, and ME1), and glutathione metabolism (GCLC,
GSTA2, GSTA4, and GSTA5).

When we compared RSV samples to their controls using the
statistical parameters described above, we identified a total of 336
DEGs, of which 240 (71%) were upregulated and 96 (29%) were
downregulated (Fig. 1C). The upregulated DEGs included type I
interferon-inducible genes, such as those encoding IFI44L, IFIT2,
OAS3, MX2, IFI27, OAS1, IRF7, STAT1, IFI35, and ISG20;
chemokines, like CXCL10 and CCL5; cytokines, such as
TNFSF13B; cell cycle-related genes (XAF1); and members of the
GAGE family (see Table S1B in the supplemental material). Only
two transcripts were induced more than 100-fold: CXCL10 and
OASL. The number of upregulated genes in hAEC cultures ex-
posed to RSV was 75% less than in influenza virus-infected cul-
tures, and the number of downregulated transcripts was 96% less.

In order to dissect common and unique signatures of infection
in hAECs, we compared the transcripts differentially expressed
between the two viral infections and their respective controls (Fig.
1D). The majority of the DEGs were unique to each infection
(4,269 transcripts were unique for influenza virus and 185 were
unique for RSV), and the majority of the transcripts modulated
during influenza virus infection were not altered in the RSV sam-
ples. We used these virus-specific DEGs to generate a gene tree
signature that underscores differences in the responses of hAECs
to each infection (Fig. 1E). A scatter plot of all the upregulated and
downregulated transcripts for both infections is presented in Fig.
1F. Most of the transcripts in the influenza virus samples were
downregulated, suggesting a global host cell transcriptional shut-
off due to influenza virus replication. Interestingly, overexpres-
sion of type III interferons (IL-28A, IL-28B, and IL-29) was exclu-
sive to influenza virus-infected hAECs (see Table S1C in the
supplemental material). Other DEGs that were specifically in-

duced by influenza virus and not by RSV were those encoding
interleukins, such as IL-6, IL-1A, IL-1B, IL-23A, IL-17C, and IL-
32; interferons and interferon-induced genes, such as IFN-B1,
RSAD2, IFIT1, and IFIT3; chemokines, such as CCL2, CCL8, and
CXCL5; and other cytokines, such as TNF, TNFAIP3, and
TBFAIP6. The hAEC response to RSV was subtler but contained
unique DEGs, such as members of the GAGE family (GAGE1,
GAGE4, and GAGE5) (see Table S1D in the supplemental mate-
rial). Altogether, these observations indicate that the response of
hAECs during RSV and influenza virus infection was largely virus
specific and that the response to influenza virus was more robust
and diverse than that to RSV infection.

A common type I interferon signature. First, the supervised
statistical analysis of the hAEC response to RSV and influenza
virus showed a gene signature with 151 common genes (Fig. 1D),
and these common DEGs followed similar patterns of expression
(Fig. 2A). The majority of overexpressed DEGs were type I inter-
feron associated, such as the interferon-inducible IFI27, IFI44L,
OAS21, OAS2, OAS3, STAT1, MX2, IFIH1, IFITM2, IFITM3,
ISG20, IRF7 and IRF1 genes and genes for interferon-induced
chemokines CXCL10, CCL5, CXCL11, CXCL9, CCL20, and IL-8
(CXCL8); members of the HLA complex (HLA-E, HLA-A, and
HLA-F); proapoptotic molecules (CASP1 and CASP8); immune-
inhibitory genes (SOCS2); and extracellular matrix metallopepti-
dases (MMP13 and ADAM8) (see Table S2A to E in the supple-
mental material). These findings suggested that the core of the
hAEC response during influenza virus and RSV infection was type
I interferon dependent. The majority of the common DEGs fol-
lowed similar patterns of expression, but the changes were larger
in response to influenza virus than in response to RSV. Second,
Ingenuity pathway analysis confirmed interferon signaling and
activation of interferon-regulated factors by cytosolic pattern rec-
ognition receptors as two significantly overrepresented pathways
in both RSV- and influenza virus-infected samples (see Fig. S2 in
the supplemental material). Genes downstream of type I IFN-�/�
receptor signaling were significantly overrepresented in hAECs
infected with both viruses (Fig. 2B), and IRF7 was at the center of
the hAEC response to RSV and influenza virus (see Fig. S2B and D
in the supplemental material). These analyses also uncovered dif-
ferences in the numbers and the changes of the genes involved in
the type I interferon response to both infections, with more tran-
scripts participating and presenting greater changes in the influ-
enza virus samples than in those from RSV. Third, we used a
transcriptional modular framework analysis (6) to obtain a virus-
specific signature of the hAEC response (Fig. 2C). The interferon
module (M3.1) was the only common module with upregulated
transcripts for both viruses, albeit with greater intensity in the
influenza virus samples than in the RSV samples. More modules
were altered for influenza virus than for RSV, confirming again
that more pathways were altered by influenza virus than by RSV.
Most of the modules in the hAEC samples infected with influenza
virus were downregulated, which correlated with the large num-
ber of downregulated DEGs (Fig. 1C). Altogether, these three in-
dependent strategies for the analysis of signaling pathways re-
vealed that hAECs reacted to viral infection through a central type
I interferon-mediated response, which was more robust in the
case of influenza virus than in the case of RSV.

Protein validation of microarray results and polarized cyto-
kine secretion by hAECs. To validate the microarray data, we
measured protein contents in the apical and basal supernatants of

Ioannidis et al.

5426 jvi.asm.org Journal of Virology

http://jvi.asm.org


hAEC cultures and compared it to the relative changes in gene
transcription. Of the cytokines that were highly expressed in in-
fluenza virus by microarray, IL-1�, IFN-�1, IL-6, and IL-8
(CXCL8) were also present in culture supernatants (Fig. 3A; see
Fig. S3A and B in the supplemental material). IL-6 and IL-8 were
also detected in the supernatants from RSV-infected hAECs, al-
though in smaller concentrations than in the influenza virus sam-
ples. Granulocyte colony-stimulating factor (G-CSF) and macro-
phage colony-stimulating factor (M-CSF) were produced in
significant amounts by influenza virus- and RSV-infected hAECs.
The analysis of chemokine expression revealed the breadth of the
response to influenza virus compared to RSV infection (Fig. 3B;
see Fig. S3C and D in the supplemental material). Of the CCL
chemokines, influenza virus infection induced the expression of
CCL2 to -5, CCL7 to -8, and CCL22 from 10- to 1,000-fold (100 to
20,000 pg). RSV infection exclusively induced the production of
CCL5, and to a lesser extent than in the influenza virus-infected
hAEC cultures. Of the CXCL chemokines, both viruses induced
CXCL9, CXCL10, and CXCL11, while CXCL2, CXCL5, and

CXCL13 were more prominent in the influenza virus samples.
Importantly, the majority of cytokines and chemokines produced
by hAECs were detected in larger quantities in the basal than in the
apical supernatants. This observation indicates a strong basolat-
eral polarization of the cytokine and chemokine secretion by pri-
mary differentiated hAECs in response to respiratory virus infec-
tion. Altogether, these data indicated that the production of
immune mediators was more robust and diverse in the hAEC
cultures infected with influenza virus than in those infected
with RSV.

Critical role of the IFNAR/STAT1 axis in the response of
AECs to viral infection. To determine the impact of interferons
on the response of AECs to respiratory virus infection, we ana-
lyzed the response to influenza virus infection using mAECs defi-
cient in IFNAR signaling (which lack type I interferon signaling)
or in STAT1 signaling (which lack signaling by most interferons).
We used influenza virus for these experiments, but not RSV, be-
cause RSV fails to efficiently infect the murine bronchiolar epithe-
lium (37). First, we validated the mAEC model of influenza virus

FIG 2 A common type I interferon-inducible signature in primary hAECs infected with RSV or influenza virus. (A) Comparison of the signature with 151
common genes among control and influenza virus- and RSV-infected hAECs. (B) Ingenuity pathway analysis (Fisher test, P 
 0.05) revealed an interferon
signaling canonical pathway in both infections. Different color intensities of ingenuity symbols indicate different levels of gene expression. Darker red indicates
increased expression. (C) Transcriptional modular framework analyses of hAECs infected with RSV and influenza virus. To present the transcriptional changes
graphically, the spots are aligned on a grid, with each position corresponding to a different functional module based on the original definitions (6). The spot
intensity indicates the percentage of differentially expressed transcripts among the total number of transcripts detected for that module, whereas the spot color
indicates the polarity of the change (red is upregulated, and blue is downregulated).
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FIG 3 Basolateral polarization of cytokine and chemokine secretion in primary hAECs infected with RSV or influenza virus. Cell culture supernatants were
harvested from the apical and basolateral compartments of RSV- or influenza virus-infected or control AEC cultures. Multiplex analysis was performed on a
Luminex platform. Protein concentrations were normalized to the volume of the apical (200-�l) and the basal (1,500-�l) chambers. (A) Cytokines in the apical
and basolateral supernatants of hAEC cultures. The error bars indicate SD. (B) Chemokines in the apical and basolateral supernatants of hAEC cultures. The error
bars indicate SD.
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infection. Triplicate primary mAEC cultures were mock infected
or infected with influenza virus for 24 h. Pairwise comparison
between the two conditions using the statistical parameters de-
scribed previously for hAECs yielded 2,355 DEGs, of which 1,093
were upregulated and 1,262 were downregulated (Fig. 4A). Inter-
ferons (IFN-B1, IFN-A1, IFN-A16, and IL-28B) and interferon-
inducible genes (RSAD2, IFIT2, IFI44L, IFIT3, OAS3, IlGP1,
GIVIN1, CXCL11, CXCL10, CCL10, and CXCL9) represented the
largest category of overexpressed DEGs (see Table S3A in the sup-
plemental material). Next, we compared the responses of hAECs
and mAECs during influenza virus infection. This analysis re-
vealed that 405 DEGs were common to hAECs and mAECs (Fig.
4B). This common AEC signature to influenza virus infection in-
cluded interferons (IFN-B1, IFN-A16, and IL-28B), interferon-
inducible genes (IFI44L, IFIT3, IFIT1, OAS1, OAS2, OAS3, MX1,
MX2, IRF7, IFI44, STAT1, and RSAD2), interferon-induced
chemokines (CXCL11, CCL5, CXCL10, CXCL9, and CCL20), in-
terleukins (IL17C and IL1A), pathogen recognition receptors
(TLR2, TLR3, and NOD2), and immunoregulatory factors (IDO1
and SOCS1) (see Table S3A and B in the supplemental material).
Altogether, these results reveal the similarities between the re-
sponses of human and murine primary AECs to different strains
of influenza virus and highlight the fact that even though the over-
all response was less robust in mAECs than in hAECs, both species
of AECs displayed a prominent type I and type III interferon sig-
nature. To determine whether interferons were essential for the
epithelial cell response to influenza virus infection, we performed
a supervised analysis using pairwise comparisons to identify the
most significant transcripts that were differentially expressed in

the presence or absence of IFNAR or STAT1 signaling. When we
applied the same statistical parameters previously used with
hAECs and mAECs (pairwise comparisons with the Welch t test
with a P value of 
0.05, Benjamini-Hochberg multiple statistical
correction, and �2-fold change), the number of DEGs after influ-
enza virus infection in IFNAR�/� and STAT1�/� mAECs was
zero. This finding highlighted the essential role of the IFN-�/�–
STAT1 axis in the transcriptional response of AECs to influenza
virus.

To dissect which transcripts could potentially play a role in the
anti-influenza virus response of mAECs in the absence of IFNAR
and STAT1 signaling, we loosened the statistical parameters (pair-
wise comparisons by the Welch t test with a P value of 
0.05 and
�2-fold change). This analysis resulted in 3,101 DEGs in WT
mAECs, of which 1,811 were upregulated and 1,290 were down-
regulated between control and influenza virus-infected mAECs
(Fig. 4C). IFNAR�/� mAECs had 248 DEGs (111 upregulated and
137 downregulated). STAT1�/� mAECs showed 265 DEGs (197
upregulated and 68 downregulated). Lack of IFNAR or STAT1
signaling resulted in an �10-fold reduction in the magnitude of
the mAEC response to influenza virus. A combined list of the 50
most highly up- and downregulated DEGs in IFNAR�/� and
STAT1�/� mAECs is shown in see Table S4A and B in the supple-
mental material. In the absence of IFNAR signaling, an interferon-
inducible signature was still apparent (IFN-B1, IL-28B, IFI203,
IFIT3, OASL, CXCL11, CXCL3, CCL5, CXCL1, and CXCL2), al-
though of reduced magnitude (maximum change, 38-fold).
STAT1-deficient mAECs also displayed an interferon-inducible
signature (IFN-B1, IFI203, IFIT3, RSAD2, CXCL10, CXCL3,

FIG 4 Transcriptional signature of influenza virus infection in primary mAECs derived from wild-type, IFNAR�/�, or STAT1�/� mice. Primary well-
differentiated, polarized, ciliated mAEC cultures were infected with influenza A virus or mock treated. Total RNA was analyzed using Agilent 014868 Whole
Mouse Genome Microarray 4�44k G4122F (1 color). (A) Heat map of DEGs during influenza virus infection of mAECs. Supervised analysis was performed
using statistical filtering (P 
 0.05; Benjamini statistical correction; 2-fold change). The numbers of upregulated and downregulated transcripts are indicated. (B)
Venn diagram showing the common and species-specific transcripts for human and murine AECs during influenza virus infection. A human strain of influenza
A virus (Udorn) was used to infect human AECs, and a mouse-adapted influenza virus strain (WSN) was used to infect mouse AECs. (C) Comparison of the heat
maps of DEGs during influenza virus infection of wild-type, IFNAR�/�, and STAT1�/� mAECs. Supervised analysis was performed using less stringent statistical
filtering (P 
 0.05; 2-fold change) than for panel A. The numbers of upregulated and downregulated transcripts are indicated. (D) Venn diagram showing the
common and strain-specific transcripts for mAECs of wild-type, IFANR�/�, or STAT1�/� origin during influenza virus infection. (E) Gene tree comparing the
expression levels of the 3,194 influenza virus-specific DEGs in mAECs of wild-type, IFANR�/�, or STAT1�/� origin after normalization to their own noninfected
controls.
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CXCL2, CCL5, and CCL20) of lower intensity (maximum change,
58-fold) in response to influenza virus infection. In order to elu-
cidate which transcripts were implicated in the mAEC response to
influenza virus in the absence of IFNAR or STAT1 signaling, we
performed a comparison of the common DEGs in WT, IF-
NAR�/�, and STAT1�/� mAECs. The common signature of in-
fluenza virus infection contained 87 transcripts (Fig. 4D), includ-
ing type III interferon (IL-28); interferon-inducible genes, such as
OASL1, OASL, RSAD2, and IFIT3; chemokines (CXCL10,
CXCL2, CCL5, and CCL20); and interleukins and interleukin-
inducible genes (IL17C, IL4L1, and IL1RL1) (see Table S4C in the
supplemental material). A gene tree combining all the common
and unique DEGs for each type of mAEC shows the reduction of
the transcriptional response to influenza virus infection when
there is no signaling through IFNAR or STAT1 (Fig. 4E). Al-
though the common transcripts among WT, IFNAR�/�, and
STAT1�/� mAECs followed identical patterns of expression, the
fold changes were more robust in WT mAECs (e.g., CXCL10 was
�138-fold upregulated in WT, �16-fold in IFNAR�/�, and �20-
fold in STAT1�/� mAECs). Our analysis identified genes encod-
ing molecules closely associated with the interferon signaling
pathways in all mAECs, although NF-�B appeared at the center of
the molecular signature in IFNAR�/� and STAT1�/� mAECs (see
Fig. S4 in the supplemental material). A comparison of the relative
changes in gene transcription with the protein analysis of immune
mediators in culture supernatants corroborated the finding that
the immune response of mAECs to influenza virus was signifi-
cantly reduced in the absence of IFNAR and STAT1 signaling,
although it was not completely abrogated in all instances (KC,
LIX, MIP-2, and TNF-�) (Fig. 5; see Fig. S5 in the supplemental
material). This analysis with mAECs also corroborated the strong
basolateral polarization of the cytokine and chemokine secretion
by the airway epithelium.

Correlation of molecular signatures between the airway epi-
thelium and peripheral blood. To understand whether respira-
tory viruses elicit common or unique transcriptional signatures
across different cell populations and to determine to what extent
the systemic response in peripheral blood correlates with the ini-
tial response at the mucosal site of infection, we performed ge-
nome-wide transcriptional-profile analyses in PBMCs isolated
from patients with acute RSV bronchiolitis or acute influenza vi-
rus infection and from healthy controls. The demographics of the
patient population are shown in Table S5 in the supplemental
material. A distinct transcriptional signature was defined in pa-
tients with acute influenza or acute RSV infection by using a com-
bination of probe expression level, statistical filters, and hierarchi-
cal clustering (Fig. 6A). The statistical group comparisons of
patients with influenza virus infection and healthy controls
yielded 142 DEGs, of which 91 were overexpressed and 51 were
downregulated during acute influenza virus infection (see Table
S6A in the supplemental material). Among the induced DEGs,
there were many interferon-inducible transcripts, such as IFI27,
IFI44L, IFI44, IFIT3, OAS1, OAS2, OAS3, OASL, MX1, MX2,
G1P2, and DEFA1 (with changes ranging from 80- to 2-fold).
Group comparisons of patients with confirmed RSV infection and
healthy controls yielded 110 DEGs, of which 78 were overex-
pressed and 32 were downregulated during acute RSV infection
(see Table S6B in the supplemental material). Among the RSV-
induced DEGs were the interferon-inducible IFI27 (38-fold
change) and DEFA1, DEFA3, SN, and IL-1RN (changes from 12-

to 2-fold). The PBMC response during RSV and influenza virus
infection had a signature with 18 common interferon-inducible
genes, and these common DEGs followed similar patterns of ex-
pression (Fig. 6C to E). IFI27 was the top common upregulated
DEG in both cohorts of patients. Comparison of the transcrip-
tional profiles using modular framework analysis and Ingenuity
pathway analysis revealed significant differences in the magnitude
of the interferon-related response between PBMCs from patients
with influenza virus or RSV infection (Fig. 6F and G). Altogether,
these results indicate that although the transcriptional response of
PBMCs from patients with acute RSV and influenza virus infec-
tion was predominantly virus specific, it also had a common in-
terferon-inducible signature that was more robust in patients with
influenza virus infection than in those with RSV infection.

Next, we wanted to characterize the relationship between the
response observed at the molecular level and the clinical outcome
of the infection by comparing the transcriptional perturbation of
PBMCs with the severity of the disease. To assess disease severity,
we applied a score that included clinical markers of severity, such
as percutaneous O2 saturation, respiratory rate, subcostal retrac-
tions, general appearance, and auscultation. We calculated the
average perturbation of the overexpressed DEGs in PBMCs of
patients with acute RSV infection or influenza and found that it
correlated with the clinical score for disease severity (Fig. 6H to
J). This analysis indicates that there is an association between
the degree of molecular perturbation in PBMCs from patients
with RSV bronchiolitis or with acute influenza virus infection
and the severity of the clinical manifestations in each cohort of
patients.

To identify common functional components of the transcrip-
tional host response in the airway epithelium and in peripheral
blood, we compared the DEGs that were coordinately expressed in
hAECs and PBMCs during the response to RSV or influenza virus
infection. The response to influenza virus in hAECs and PBMCs
had a signature with 36 common genes (Fig. 7A) that included
numerous interferon-inducible genes (IFI27, IFI44, IFI44L,
IFIT3, ISG15, HERC5, HERC6, MX1, MX2, OAS1, OAS2, OAS3,
and OASL). In addition, these influenza virus-induced common
DEGs followed similar patterns of expression in hAECs and
PBMCs (Fig. 7B). There was a statistically significant correlation
between the expression of common DEGs induced in the airway
epithelium and in PBMCs during influenza virus infection (Fig.
7C) and between the transcripts of the interferon module (Fig.
7D). When we performed a similar analysis comparing the re-
sponse of hAECs infected with RSV to that of PBMCs from pa-
tients with acute RSV, we obtained 4 common DEGs (IFI27,
TYMS, NDUFS1, and ZMAT3) (Fig. 7E and F). Although the
majority of the transcripts induced in response to RSV infection
were different in PBMCs and AECs, we investigated the possible
relationship between the only four common DEGs and found a
statistically significant correlation (Fig. 7G). A statistically signif-
icant correlation was also observed among the transcripts of the
interferon module (Fig. 7H). Altogether, these results highlight
that there is a correlation of the molecular signatures between the
airway epithelium and PBMCs during the response to a respira-
tory virus infection. Notably, IFI27 was the only common DEG
induced in response to RSV and influenza virus in both hAECs
and PBMCs.
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DISCUSSION

How organisms respond appropriately to a wide variety of anti-
gens and microorganisms is a central question in immunology.
However, we have limited knowledge of how the epithelium of the
airways responds to infection and regulates immunity at the out-
set of infection. We performed independent challenges of primary

polarized hAECs with RSV and influenza virus and compared
their antiviral responses with gene expression signatures obtained
from peripheral blood of patients with RSV bronchiolitis and
acute influenza virus infection. The results provide evidence that
the epithelial response to RSV and influenza virus infection is
quantitatively and qualitatively virus specific. Each virus induced

FIG 5 Reduced cytokine and chemokine secretion in primary mAECs deficient in IFNAR or STAT1 signaling during influenza virus infection. Cell culture
supernatants were harvested from the apical and basolateral compartments of influenza virus-infected AEC cultures derived from wild-type, IFNAR�/�, or
STAT1�/� mice. Multiplex analysis was performed on a Luminex platform. Protein concentrations were normalized to the volume of the apical (200-�l) and the
basal (2,000-�l) chambers. (A) Cytokines in the apical and basolateral supernatants of wild-type, IFNAR�/�, and STAT1�/� mAEC cultures. The error bars
indicate SD. (B) Chemokines in the apical and basolateral supernatants of wild-type, IFNAR�/�, and STAT1�/� mAEC cultures. The error bars indicate SD.
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FIG 6 Molecular signatures in PBMCs from patients with acute RSV and influenza virus infection. (A) Heat map of DEGs in patients with RSV bronchiolitis
compared with healthy controls. (B) Heat map of DEGs in patients with acute influenza compared with healthy controls. (C) Venn diagram showing the common
and virus-specific transcripts for each infection normalized to healthy controls. (D) Comparison of the common 18-gene signature between RSV and influenza
virus PBMCs. (E) Scatter plot of the relative expression of DEGs in PBMCs of influenza virus- and RSV-infected patients. The identities of representative
upregulated DEGs are indicated. (F) Median expression levels of the interferon module in PBMCs from RSV- and influenza virus-infected patients. The error
bars indicate SD. (G) Ingenuity pathway analysis of DEGs in PBMCs from RSV- and influenza virus-infected patients. The bars represent the frequency of
transcripts from our data set that participate in the presented canonical pathway. (H) Correlation analysis of clinical score versus genomic score in PBMCs from
influenza virus-infected patients. The clinical score measures disease severity in a range from 0 to 12 (see Materials and Methods). The genomic score shows the
average perturbation of the upregulated DEGs. Each symbol represents a single patient. Spearman correlation, r � 0.42, P � 0.004. (I) Correlation analysis of
clinical score versus genomic score in PBMCs from RSV-infected patients. The analysis was performed as for panel H (r � 0.49; P � 0.018).
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FIG 7 The transcriptional signatures induced by RSV and influenza virus correlate in hAECs and PBMCs. (A) Venn diagram showing the common and
tissue-specific transcripts for influenza virus-infected samples in PBMCs and hAECs. (B) Heat map of the 36 common DEGs in PBMCs from patients with acute
influenza and in influenza virus-infected hAECs. (C) Relative expression of the common DEGs in PBMCs from influenza patients and influenza virus-infected
hAECs. Each symbol represents a single gene. Spearman correlation, r � 0.54, P 
 0.001. (D) Relative expression of the interferon module transcripts in PBMCs
from influenza patients and influenza virus-infected hAECs. Each symbol represents a single gene. r � 0.351, P 
 0.05. (E) Venn diagram showing the common
and tissue-specific transcripts for RSV-infected samples in PBMCs and hAECs. (F) Heat map of the 4 common DEGs in PBMCs from patients with RSV
bronchiolitis and in RSV-infected hAECs. (G) Relative expression of the common DEGs in PBMCs from RSV-infected patients and RSV-infected hAECs. Each
symbol represents a single gene. r � 0.98, P 
 0.001. (H) Relative expression of the interferon module transcripts in PBMCs from RSV-infected patients and
RSV-infected hAECs. Each symbol represents a single gene. r � 0.36, P 
 0.001.
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the expression of a number of common and unique DEGs, al-
though it is formally possible that different strains of RSV and
influenza virus may produce different outcomes. There was a di-
rect and significant correlation in the common DEGs and in the
interferon responses between AECs and PBMCs from patients
with acute RSV or influenza virus infection. These findings pro-
vide evidence of the plasticity of the AEC response to infection and
identify a correlation between the systemic immune response in
peripheral blood and the immune response of the airway epithe-
lium at the onset of infection.

The response to influenza virus displayed prominent type I and
III interferon signatures, and a large variety of inflammatory cy-
tokines and chemokines were also upregulated and secreted. This
AEC response was quantitatively and qualitatively more robust
and diverse than the response to RSV, which elicited a weaker
response restricted to type I interferon-inducible genes and a lim-
ited production of cytokines and chemokines. It is tempting to
speculate that the weak innate response of the airway epithelium
to RSV may contribute to the poor systemic immunity to the virus
(14, 17). Absence of epithelial proinflammatory Th1 cytokines
(i.e., IL-6 and IL-1) or of type III IFNs (IL-28 and IL-29), a weak
type I IFN response, and the secretion of Th1 chemokines like
CCL3 and CCL5 in small amounts might restrain the activation
and recruitment of immune cells to the site of infection. Thus, the
inability of the epithelium to initiate a proper Th1 inflammatory
response to RSV could set the background for a Th1/Th2 imbal-
ance (39), leading to more exaggerated clinical manifestations of
RSV infection, such as acute bronchiolitis or asthma in specific
individuals. Although some of the observed differences in the re-
sponse of AECs to RSV and influenza virus can be attributed to the
cytopathic effect of influenza virus, to differences in the activity of
the nonstructural (NS) proteins, or to differences in temporal ki-
netics and virus inoculum, the findings are noteworthy, given that
both groups of hAEC cultures had similar amounts of viral RNAs
and of infected cells at the time of analysis.

Transcriptional signatures of disease in peripheral blood are
being used to understand pathogenesis and to improve diagnosis
(3, 6, 23, 41, 58). Our analysis has identified transcriptional per-
turbations at the mucosal site of pathogen entry and replication
that are virus specific, such as type III interferons for influenza
virus-infected hAECs, which is in concordance with previous ob-
servations in mouse lungs (24). An unexpected family of tumor
antigens, GAGE, was induced during RSV infection. These anti-
apoptotic tumor antigens are capable of interacting with IRF1 and
of reducing its expression (27), which may help explain the weak
interferon response observed in RSV-infected hAECs at both the
transcriptional and protein levels. Our observations highlight the
plasticity of the airway epithelium to elicit virus-specific immune
effector responses.

We used three independent but complementary strategies (su-
pervised, pathway, and modular framework analyses) to examine
the signaling pathways involved in the response of the airway ep-
ithelium to RSV and influenza virus. These analyses revealed that
hAECs respond to RSV and influenza virus infection through a
predominant type I interferon-mediated response. Four pathways
can mediate the AEC response to infection: (i) PKR-stress-apop-
tosis; (ii) NF-�B/RelA; (iii) RNA sensing, interferons, and inter-
feron-stimulated genes; and (iv) WNT signaling (31, 32, 46).
NF-�B and interferons mediate the epithelial response to RSV and
influenza virus (2, 5, 29, 56). Our recent work using mouse models

of infection has highlighted that interferons and epithelial cells are
central players during the immune response of the airways and
that different viral infections of the lung induce singular inter-
feron responses (24, 25, 55). Evidence from the analysis of
IFNAR�/� and STAT1�/� mAECs at the gene and protein levels
shows a dramatic reduction of the innate effector response during
influenza virus infection, corroborating that interferons and
STAT1 play a central role in the initiation of immune responses by
the airway epithelium. Nevertheless, the inflammatory response
and the interferon signature were still present in the absence of
IFNAR and STAT1 signaling. Redundant alternative pathways of
either IRF3 or IRF7 induction (15, 45) and increased NF-�B acti-
vation are likely to contribute to the antiviral inflammatory re-
sponse of mAECs and are revealed in the absence of normal inter-
feron signaling.

A key finding was the strong basolateral polarization of the
secretion of cytokines and chemokines by AECs during infection.
This observation was reproduced in human and murine epithelial
cultures and observed in response to influenza virus and RSV. The
respiratory epithelium is able to induce a highly specific innate
immune response to viral infection, and our findings suggest that
the inflammatory mediators and chemotactic agents are mainly
directed toward the lung interstitium instead of into the lumen of
the airways. During the initial stages of infection, basolateral se-
cretion of cytokines and chemokines, such as IL-8 and IL-6, by
epithelial cells plays a role in attracting and activating immune
cells from the lung interstitium or the circulation toward peri-
bronchial areas, but it does not affect the cell populations located
in the lumen of the airways unless the integrity of the epithelial
barrier is compromised. On the other hand, apical secretion of
cytokines and chemokines would lead to the recruitment of in-
flammatory cells into the lumen of the airways and could cause
narrowing of air spaces, increased ventilation-perfusion mis-
match, and deterioration of lung function (36).

AECs act as innate effectors during viral infection, and their
response is largely virus specific. Because regulation of innate im-
munity at the point of pathogen entry may determine the subse-
quent host immune response and clinical outcome, we attempted
to correlate the response of AECs with systemic responses. As has
been shown previously in other settings (41, 58), our findings
demonstrate that gene expression signatures in PBMCs discrimi-
nate between patients with acute influenza virus infection and
acute RSV bronchiolitis. Although both infections cause the stim-
ulation of interferon-inducible genes, the identity of the induced
genes was largely unique for each infection, and there were also
significant differences in the magnitude of the interferon-related
response. IFI27 was the only transcript strongly upregulated in
hAECs and PBMCs during both viral infections. IFI27 (also
known as ISG12) has direct antiviral properties against many vi-
ruses (28), regulates interferon-mediated apoptosis (42), and it is
the most upregulated transcript in children with RSV bronchioli-
tis (11). IFI27 overexpression constitutes a biomarker of viral in-
fection in both the airway epithelium and peripheral blood.

Our results show a significant correlation in the expression of
common DEGs and in the expression of interferon-related genes
between hAEC and PBMC samples. The replication of RSV and
influenza virus is restricted to the mucosa of the airways, but these
respiratory viruses induce specific signatures of infection that are
conserved across fundamentally different anatomical compart-
ments and cell populations. Cells at the site of infection and in
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peripheral blood undergo a relatively common reprogramming of
their transcriptomes during infection, suggesting that pathogen-
specific molecular signatures are a central component of host de-
fense. In addition, we found that during both RSV bronchiolitis
and acute influenza there was a significant correlation between the
level of induction of DEGs in PBMCs and the severity of disease.
Thus, the molecular signature of respiratory virus infection in
peripheral blood correlated with the transcriptional signature in
the airway epithelium and with the clinical severity of disease. It
would be interesting for future studies to analyze the response of
epithelial cells isolated from either nasal or bronchial lavage fluids
of patients with viral infection and compare it with the PBMC
response of the same patients. Defining biomarkers and common
molecular signatures of infection in the airway mucosa and blood
compartments will help to identify new correlates of protection
during respiratory virus infection.
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